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Abstract. We study the clustering Generalized Chaplygin Gas (GCG) as a possible candidate for
dark matter-dark energy unification. The vanishing speed of sound (c2s = 0) for the GCG fluid can
be obtained by incorporating higher derivative operator in the original K-essence Lagrangian. The
evolution of the density fluctuations in the GCG+Baryon fluid is studied in the linear regime. The
observational constraints on the model are obtained using latest data from SNIa, H(z), BAO and
also for the fσ8 measurements. The matter power spectra for the allowed parameter values are well
behaved without any unphysical features.
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1 Introduction
After many years of theoretical and observational efforts, we know only 5% of the energy budget of our
Universe. Our knowledge for the rest 95% is still incomplete. Through the gravitational interactions
at astrophysical as well as cosmological scales we know that (1/3)rd of this unknown component is
relatively massive, non-interacting as well as non-relativistic with negligible pressure. This is known
as ”dark matter” (DM) [3]. Existence of dark matter can explain the flat rotation curves for spiral
galaxies and it is also necessary to form the structures in our Universe. The remaining (2/3)rd of the
unknown component is practically massless and also has the exotic negative pressure. This is known
as ”dark energy” (DE) [4] and is responsible for the late time acceleration of the Universe. Although
there have been many theoretical attempts to explain DM and DE, we still do not have a robust
model for DM and DE that can pass all the theoretical and observational tests.
Attempts have also been made to build models that can explain both DM and DE with a single
field. These are popularly known as“unified models for DM and DE” (UDME) in the literature.
In these models, one introduces a single fluid that behaves as DM as well as DE at relevant time
and length scales. One widely studied model for such a scenario is the “Chaplygin Gas” (CG) [5]
and its subsequent generalisation which is known as the “Generalised Chaplygin Gas” (GCG) [6]
(please see [7] for other model building attempts for UDME). Although these models were consistent
with observations related to the background cosmology, it was subsequently shown that they produce
unphysical features in the matter power spectrum in the form of huge oscillations or exponential
blow-ups which are not seen in the observed matter power spectrum [8] (See also [9] for other studies
on GCG related to structure formation and CMB). The main reason for such discrepancy is the
behaviour of sound speed through CG/GCG fluid. In the early universe, when CG/GCG behaves
as DM, the sound speed through the fluid vanishes and the CG/GCG clusters like non-relativistic
dust. But in late times when CG/GCG starts behaving like DE, the sound speed through the fluid
becomes large resulting unphysical features in the matter power spectrum. To avoid such unphysical
features, CG/GCG has to behave just like the concordance ΛCDM model. This was a blow not only to
CG/GCG but practically to all attempts to unify the DM and DE (see [10] for attempts to overcome
this problem).
There is a well established field theory model for GCG where one can write a K-essence La-
grangian for GCG [6]. For a particular value of the GCG parameter α (see next section for details),
this reduces to the well known Dirac-Born-Infeld (DBI) Lagrangian for d-brane in a (d+1,1) space
time [11]. In recent past, Creminelli et al. [12] have shown that for the K-essence action, one can
add a specific higher derivative term in the action that keeps the background equation of motion
unaltered. But for the perturbed universe, this extra higher derivative operator can result vanishing
sound speed in the fluid. In such a scenario, the pressure perturbation vanishes and the K-essence will
cluster at all scales like the non-relativistic matter. Hence these are called “clustering quintessence”
– 1 –
model. In recent past, several investigations have been done to study the observational signatures of
the clustering quintessence models[13], [14].
Given the fact that GCG as a UDME model failed because of the large sound speed through the
fluid during the DE domination, it will be interesting to study the consequences of clustering GCG
model. Because GCG fluid has an underlying K-essence type field theory, one can extend the results
by Creminelli et al. [12] safely to GCG fluid and can keep its sound speed negligibly small thereby
avoiding any unphysical features in the matter power spectrum.
In this work we study the clustering GCG (CGCG) as a viable option for UDME candidate. We
study the density perturbations in the GCG fluid ( which acts as an UDME). We also keep the baryons
together with the GCG fluid. We confront the model with observational data from SNIa, BAO, H(z),
fσ8, and show that matter power spectra for the allowed parameter values are well behaved without
any unphysical behaviour or unwarranted features.
2 Generalised Chaplygin Gas
We start with a Lagrangian [6]:
L = −A1/(1+α)
[
1−X(1+α)/2α
]α/(1+α)
, (2.1)
where A and α are constant and X = gµνφ,µφ,ν . With α = 1 the Lagrangian reproduces the famous
DBI Lagrangian. One can calculate the energy density and pressure for this field using the relations:
p = L,
ρ = 2Xp,X − p, (2.2)
and it is straightforward to show that ρ and p are related by the following relation [6]:
p = −
A
ρα
. (2.3)
The corresponding fluid that satisfies this equation of state is known as GCG [6]. For α = −1, GCG
behaves like a normal fluid with a constant equation of state w = −A. α = 1 corresponds to the
original “Chaplygin Gas” (CG) equation of state [5]. Using equation (2.3) in the energy conservation
equation ρ˙ + 3H(ρ + p) = 0, one can calculate the form of the energy density for GCG in a FRW
background which is given by:
ρg =
[
A+
B
a(3(1+α))
]1/(1+α)
. (2.4)
Here B is an arbitrary integration constant and we set a0 = 1 at present. From now on subscript “0”
stands for values at present. One can write the above expression in a slightly different way as:
ρg = ρg0
[
As + (1−As)a
−3(1+α)
]1/(1+α)
, (2.5)
where we define ρg0 = (A+B)
1/(1+α) and As = A/(A+B). We consider the ranges 0 ≤ As ≤ 1 and
−1 < α ≤ 1 for our subsequent calculations. This ensures the energy density ρg for the GCG is well
behaved for the entire evolution history that we consider. We can further write the expression for the
equation of state GCG fluid as:
wg = −
As
As + (1 −As)a−3(1+α)
. (2.6)
It is straightforward to verify that at early times, a << 1, ρg ∼ a
−3 and wg ∼ 0, hence GCG
behaves like a non-relativistic matter, whereas for a >> 1, ρg = constant and wg ∼ −1 and GCG
– 2 –
becomes a cosmological constant. In between, the equation of state wg makes a transition from wg = 0
to wg < 0 and starts behaving like a dark energy at late times. Epoch of the transition depends on
the choice of the parameters As and α. This behaviour of wg makes GCG a suitable candidate for
UDME at least for the background cosmology.
We write down the expression for the Hubble parameter for GCG as an UDME in presence of
baryons assuming a flat FRW universe:
H2
H20
= Ωb0a
−3 + (1 − Ωb0)(As + (1−As)a
−3(1+α))1/(1+α). (2.7)
Here Ωb0 is the present day density parameter for baryon. In this equation, the second term on right
hand side is due to GCG which includes both cold dark matter (CDM) and DE. The α = 0 limit
corresponds to ΛCDM model and we can easily identify (1−Ωb0)As to be the ΩΛ0 and (1−Ωb0)(1−As)
to be the Ωc0 (where ”c” stands for CDM) as in concordance ΛCDM cosmology.
To be a successful model for UDME, GCG should also mimic the inhomogeneous universe as in
the ΛCDM model. For this it is necessary that GCG clusters similarly as CDM at all scales. This
depends on the sound speed through the GCG fluid. The sound speed through the GCG fluid can
be calculated using the corresponding expression for the K-essence field as obtained by Garriga and
Mukhanov earlier [15]:
c2s =
p,X
ρ,X
= −αwg. (2.8)
In the early time, when GCG behaves like a non-relativistic dust, wg = 0 and hence c
2
s vanishes
and the GCG clusters identically as CDM. But in the late times, when GCG starts behaving like DE,
wg < 0. In this case c
2
s is either positive or negative depending on the value of α. And due to this
non-zero values for c2s one gets unphysical oscillations or exponential blow-ups in the matter power
spectrum. The only way to avoid this is to assume α ≈ 0 and in that case, GCG behaves exactly
same as concordance ΛCDM model as mentioned above. This makes GCG indistinguishable from the
concordance ΛCDM model.
Recently, Creminelli et al. [12] have shown that one can add higher derivative term like
L1 = −
M2
2
[φ+ 3H(φ)]2 , (2.9)
where M2 > 0, in the K-essence Lagrangian (1). It can be easily shown that addition of this term
does not change the background evolution for the field or its energy density and pressure. But this
term helps to keep the sound speed c2s close to zero in order to have stability in the theory [12].
As GCG equation of state also comes from a K-essence type field theory, we can add such a term
in our Lagrangian (1) to keep the GCG equation of state unchanged in the background universe and
at the same time we can keep the c2s ≈ 0 in the perturbed GCG fluid.
This may help to remove the unphysical behaviour present in the matter power spectrum that
would otherwise have occurred in the normal GCG fluid. In the next section we study this issue.
3 Growth of Inhomogeneities
Here we are interested in studying the growth of inhomogeneities in a clustering GCG fluid in the
presence of baryons. We are mostly interested in small scale perturbations which are important to
study the growth of structures in the universe. For this, Newtonian treatment is a valid approximation.
As we discuss in the previous section, for a clustering GCG c2s = 0. We also have baryons which have
similar vanishing sound speed. Therefore both the clustering GCG and baryons are comoving and
hence they have the same peculiar velocity v. We follow the prescription by Sefusatti and Vernizzi
[13] who have developed the system of equations for density perturbations for clustering quintessence
in the presence of matter (baryons+CDM). We have the same system of equations where we replace
clustering quintessence by clustering GCG and matter by baryons. Below we write down the perturbed
continuity, Euler and Poisson equations [13]:
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Figure 1: Plot of D+(a)/D+(1) vs a. Left Figure: As = 0.75. Solid, dashed and dotted curves
represents α = 0.0, 0.9 and −0.9 respectively. Right Figure: α = 0.1. As = 0.7, 0.75, 0.8, 0.85 and 0.9
respectively from bottom to top. For both the figures we have taken Ωb0 = 0.045
∂δb
∂τ
+ ~∇ ·
[
(1 + δb)~v
]
= 0 , (3.1)
∂δg
∂τ
− 3wgHδg + ~∇ ·
[
(1 + wg + δg)~v
]
= 0 , (3.2)
∂~v
∂τ
+H~v + (~v · ∇)~v = −∇Φ , (3.3)
∇
2Φ = 4πGa2 (δgρ¯g + δbρ¯b) . (3.4)
Here we write the equations in terms of conformal time τ and the density contrast δα =
δρα
ρ¯α
where
δρα and ρ¯α are the density perturbation and background energy density for the fluid “α”. We further
rewrite the Poisson’s equation (3.4) as
∇
2Φ =
3
2
H
2Ωb(a)
[
δb + δg
Ωg(a)
Ωb(a)
]
(3.5)
and define the total density contrast as
δ = δb + δg
Ωg(a)
Ωb(a)
. (3.6)
Here Ωg = (1−Ωb), is the density parameter for clustering GCG. Next we study the solutions in the
linear regime for the total density contrast δ defined in equation (3.5) by using equations (3.1), (3.2)
and (3.5) by ignoring the higher order terms. Defining the linear growth function D in the Fourier
space and the linear growth rate f as [13]
δlink (τ) ≡ D(τ)δ
lin
k ; (3.7)
f =
d lnD
d lna
, (3.8)
– 4 –
0.0 0.2 0.4 0.6 0.8 1.0
0.5
0.6
0.7
0.8
0.9
1.0
a
fH
a
L
0.0 0.2 0.4 0.6 0.8 1.0
0.4
0.5
0.6
0.7
0.8
0.9
1.0
a
fH
a
L
Figure 2: Plot of f(a) vs a. Left Figure: As = 0.75. Solid, dashed and dotted curves represents
α = 0.0, 0.9 and −0.9 respectively. Right Figure: α = 0.1. As = 0.7, 0.75, 0.8, 0.85 and 0.9 respectively
from top to bottom. For both the figures we have taken Ωb0 = 0.045
one can construct the equation for linear evolution for D as
d2D
d ln a2
+
(
1
2
(1− 3wg Ωg)−
d lnC
d ln a
)
dD
d ln a
−
3
2
ΩbCD = 0, (3.9)
where C = 1+(1+wg(a))
Ωg(a)
Ωb(a)
. We should remind that the α = 0 limit always reproduce the smooth
ΛCDM result. We solve the equation (3.9) from the period of decoupling (ai ∼ 10
−3) till today (a = 1)
with the initial conditions for the growing mode, D+(a) = a and dD
+
da ∼ 1. Subsequently we also
calculate the growth rate f . The results are shown in Figure (1) and Figure (2) for different values
of α and As. In each figure, we plot the behaviour for α = 0 ΛCDM case to compare with clustering
GCG case. The figures show that the deviation from ΛCDM model is more prominent in the growth
rate (f) evolution than in the growth function (D+) evolution. Therefore it may not be possible to
distinguish clustered GCG and ΛCDM using normal matter power spectrum which depends only on
D+, but measurements for redshift space distortion which depends on the growth rate f can be useful
to distinguish these two cases.
4 The power Spectrum
The dimensionless linear power spectrum is defined as
∆2(k, a) =
k3P (k, a)
2π2
= δ2H(
k
H0
)3+ns
(
D+(a)
D+(1)
)2
T 2(k). (4.1)
Here δH is the normalization constant, H0 is the Hubble constant at present (a = 1) and ns is
spectral index for the primordial density fluctuations generated through inflation. In our case, ∆(k, a)
represents the power spectrum for the total density contrast defined in equation (3.6). Now in the
background universe GCG fluid behaves similar to non-relativistic matter except at the very late
time when it starts behaving like a dark energy. On the other hand due to c2s = 0, the GCG clusters
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Figure 3: The 1σ and 2σ confidence regions in As − α plane. We have used SN+Hubble+BAO+
fσ8 data. The black dot represents the best fit values for As and α (see text).
identically as CDM at all time and at all length scales. Hence it is safe to assume the transfer function
T (k) as prescribed by Eisenstein and Hu [16] for a mixture of CDM and baryons:
T (k) =
(
Ωb0
Ωm0
)
Tb(k) +
(
Ωc0
Ωm0
)
Tc(k) (4.2)
where Ωc0 is density parameter for CDM and Ωm0 = Ωc0 +Ωb0. In our model, we identify Ωm0 with
the model parameters as
Ωm0 = Ωb0 + (1−As)
1
1+α (1− Ωb0)
The form for Tb(k) and Tc(k) are given by Eisenstein and Hu [16]. One important quantity
related to the growth of structures is the variance σ8 of the density fluctuation at the scale 8h
−1 Mpc.
This is defined as
σ2(a,R) =
∫
∞
0
∆2(k, a)W 2(k,R)d ln k, (4.3)
where the window function W (k,R) is defined as W (k,R) = 3
(
sin(KR)
(kR)3 +
cos(kR)
(kr)2
)
and for σ8, one
puts R = 8h−1 Mpc.
5 Observational Constraints
In this section, we confront the clustering GCG model with various observational data. Previous
results for GCG as UDME showed that in order to satisfy various observational constraints, specially
those coming from the inhomogeneous universe, GCG has to be indistinguishable from the ΛCDM
model. Here we want to see, with clustering GCG as UDME, whether we have a allowed parameter
space for GCG where it behaves differently from ΛCDM model. Below we describe the various
observational data that we use to put constraint on the clustering GCG model.
• We consider the Union2.1 compilation containing 580 data points for distance modulus µ for
Type-Ia supernova at various redshift [1].
• We use the compilation of 28 observational data points at various redshifts for the Hubble
parameters by Farooq and Ratra using different evolutions of cosmic chronometers within the
redshift range 0.07 < z < 2.3 [18]. This spans almost 10 Gyr of cosmic evolutions.
• We use the combined BAO/CMB constraints on the angular scales of the BAO oscillations in
the matter power spectrum as measured by SDSS survey, 6dF Galaxy survey and the Wiggle-z
survey. The full covariance matrix for this has been provided by Giostri et al [19].
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Figure 4: Allowed behaviour at 1σ and 2σ confidence level for the equation of state for the GCG,
wg, as a function of redshift.
• Finally we use the measurements for fσ8 by various Galaxy surveys like 2dF, SDSS, 6dF, BOSS
and Wiggle-Z. This combination is an excellent model independent estimator of the growth of
structure formations and has been measured by various surveys. In a recent paper by Basilakos
et al. a compilation of different measurements for fσ8 has been provided [20] and we use that
compilation for our purpose.
Using the above observational data, we put constraint in the α − As parameter space fixing
all the cosmological parameters at best fit values obtained by Planck experiment [17]. These are as
follows: Ωb0 = 0.045, ns = 0.96 and H0 = 67.04kms
−1Mpc−1. We also normalize the matter power
spectrum (4.1) using σ8 = 0.8347 as obtained by Planck [17]. Using all the data that we describe
above one gets the best fit values for As and α as 0.75 and 0.043 respectively and the 1σ error bars
as 0.75± 0.023 and 0.043± 0.079 respectively.
The constrained region in the As − α parameter space for the combined data is shown in Figure
(3). It shows that although α = 0 which represents the ΛCDM model, is allowed, the combined data
also allows non zero values for α which represents UDME. Also the constraint on α is reasonably tight
and the data rule out the α = 1 original CG behaviour. We should also point that wiggleZ data alone
does not contribute much in constraining the As − α parameter space.
Next, using the covariance matrix for α and As that we obtain during the data analysis, and
together with the standard error propagation technique, we calculate the error in the equation of
state wg for the clustering GCG. The result is shown in the Figure (4). The figure shows that the
variation of the equation of state for the clustering GCG with redshift is very tightly constrained.
The constraint is even tighter around redshift z = 0.6.
In figure (5), we show the 1σ and 2σ allowed region for evolution for the combination fσ8 as
a function of redshift z. We stress that the shaded region in this figure represents the observational
constraint for fσ8 as a function of redshift for the GCG UDME model. This has been obtained from
the covariance between As − α using combined datasets mentioned earlier in the text. We also show
the same evolution for the best fit ΛCDM model as obtained by Planck[17]. Note that this specific
line for ΛCDM model is scale independent as pressureless matter clusters at all scales equally due to
vanshing sound speed. This is also true for our clustering GCG UDME which also has c2s = 0. It
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Figure 5: The 1σ and 2σ allowed band for fσ8 evolution with redshift. The dashed line is for the
best fit values for As and α for GCG UDME model. The dotted line is for the ΛCDM best fit model
as obtained by Planck experiment [17]. This specific line for ΛCDM as well as the band and the
best fit line for GCG UDME are scale independent (see text for explanation)The data points are the
measurements for fσ8 from various experiments as compiled in [20]. These are the data that we also
use in our analysis.
is evident that our result is not fully consistent with the best fit ΛCDM model obtained by Planck.
Remember that we only use the low redshift measurements for all the observables while Planck is
related to CMB measurement at redshift z ∼ 1000. This discrepancy in the fσ8 measurement from
low and high redshift data was also reported earlier by Macaulay et al. [21].
And finally we show the behaviour of the matter power spectrum in Figure (6) as defined in
equation (4.1) using combinations for As and α which are allowed at 1σ and 2σ confidence levels. We
also show the ΛCDM (α = 0) case. As can be seen from this plot, there is no unphysical oscillations
or exponential blow-ups for models different from ΛCDM. The difference between the clustering GCG
and ΛCDM is also shown. For a model which is allowed at 2σ confidence limit, one can see a 20%
deviation from the ΛCDM which is quite substantial.
6 Conclusion
In this paper, we study the possibility of having a unified model for dark matter and dark energy
(UDME) using the clustering GCG where by incorporating higher dimensional operator in the original
K-essence Lagrangian for GCG, we keep the c2s ≈ 0 in the GCG fluid. This original idea was put
forward by Creminelli et al. [12] and we apply it to GCG. By doing so, we ensure GCG clusters at
all scales similar to the CDM. As in the background universe, GCG behaves like a CDM in the early
time and like DE in the late time, this added clustering property makes GCG a suitable candidate
for the UDME.
We study the growth of density fluctuations in the linear regime in the clustering GCG model.
We show that the growth of density fluctuations in the clustering GCG can deviate appreciably from
the ΛCDM behaviour. This is most prominent in the behaviour of the linear growth rate f .
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Figure 6: Left Figure : The behaviour of the power spectrum at z = 0.5 for different As and α
combinations that are allowed by the joint dataset (see text). Solid line is for α = 0 (ΛCDM) and
As = 0.74. The dashed line is for As = 0.77 and α = 0.1 (allowed at 1σ). The dotted line is
for As = 0.79 and α = 0.2 (allowed at 2σ). Right Figure: The percentage deviation for the power
spectrum from ΛCDM model. The upper one is for As = 0.79 and α = 0.2. The lower one is for
As = 0.77 and α = 0.1. For each of these sets, the solid is for z = 0.5 and the dashed line is for
z = 1.0.
Subsequently using the recent observational data from SnIa, H(z), BAO measurements and the
measurements of fσ8 by various galaxy surveys, we put constraint on the model parameters α and
As. We get a tight constraint on the model parameter α. The α = 0, ΛCDM model is allowed but the
original α = 1 CG model is ruled out. The constraint on the variation of the GCG equation of state
wg with redshift is extremely tight. We also obtain the allowed variation for the fσ8 combination
with redshift at 1σ and 2σ confidence limit. The results shows a discrepancy with the best fit ΛCDM
model as obtained by Planck. We also show behaviour of the matter power spectrum confirming the
absence of any unphysical behaviour. The deviation from the ΛCDM model can be as high as 20%
for clustering GCG models which are consistent with the data at 2σ confidence level.
After the initial enthusiasm for GCG as UDME, the interest gradually decayed due to the un-
wanted features it produces in the matter power spectrum although as a DE parameterization, GCG
is still an interesting option (see [22] for the recent study). After this study, we believe there will be
renewed interests in GCG as a viable option for UDME.
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